Maintenance of genomic integrity and stable transmission of genetic information depend on a number of DNA repair processes. Failure to faithfully perform these processes can result in genetic alterations and subsequent development of cancer and other genetic diseases. In the eukaryote Saccharomyces cerevisiae, homologous recombination is the major pathway for repairing DNA double-strand breaks. The key role played by Rad52 in this pathway has been attributed to its ability to seek out and mediate annealing of homologous DNA strands. In this study, we find that S. cerevisiae Rad52 fused to green fluorescent protein (GFP) is fully functional in DNA repair and recombination. After induction of DNA double-strand breaks by ␥-irradiation, meiosis, or the HO endonuclease, Rad52-GFP relocalizes from a diffuse nuclear distribution to distinct foci. Interestingly, Rad52 foci are formed almost exclusively during the S phase of mitotic cells, consistent with coordination between recombinational repair and DNA replication. This notion is further strengthened by the dramatic increase in the frequency of Rad52 focus formation observed in a pol12-100 replication mutant and a mec1 DNA damage checkpoint mutant. Furthermore, our data indicate that each Rad52 focus represents a center of recombinational repair capable of processing multiple DNA lesions.
H
omologous recombination is responsible for a number of important DNA processes, including efficient and precise repair of DNA double-strand breaks (DSBs), maintenance of telomere length and rDNA copy number, and generation of genetic diversity during meiotic recombination (1) (2) (3) . Genetic, physical, and biochemical analyses of various recombination reactions have identified a number of key DNA intermediates in this process. These include a DNA DSB, 3Ј single-stranded tails and double Holliday junctions. At the level of DNA, these intermediates have been incorporated into the double-strand break repair model for homologous recombination (4, 5) . RAD52 is essential for efficient homologous recombination in Saccharomyces cerevisiae (1, 6, 7) and is the genetic marker most frequently used to define this process. The importance of Rad52 is underscored by the fact that its primary structure and biochemical properties are conserved from yeast to humans (8) (9) (10) (11) . However, disruption of the RAD52 gene in chicken and mouse causes only a minor reduction in homologous integration frequencies and has little or no effect on repair of DNA damage induced by ionizing radiation (12, 13) . Therefore, in higher eukaryotes it is possible that the absence of Rad52 can be relieved by an alternative repair pathway or by a redundant Rad52. The latter view is supported by the finding that the fission yeast, Schizosaccharomyces pombe, contains two RAD52 homologues (14, 15) .
Biochemically, Rad52 has been shown to bind single-and double-stranded DNA with a preference for DNA ends (16) (17) (18) . In addition, Rad52 provides a physical link between the singlestrand DNA binding replication protein complex, RP-A, and the RecA homologue, Rad51 (10, (19) (20) (21) . The collaboration of these three factors accomplishes efficient strand exchange reactions in vitro (22) (23) (24) . Perhaps the ability of Rad52 to provide a bridge between the DNA replication machinery and the Rad51 recombinase explains the severe biological defects that are observed in its absence. In addition, Rad52 forms heptameric ring structures that accumulate on single-stranded DNA molecules in vitro (25, 26) . Because similar aggregates of Rad52 could assemble locally on DNA during homologous recombination and potentially be visualized by microscopy in vivo, we tagged Rad52 with green fluorescent protein (GFP). The resulting Rad52-GFP fusion protein is biologically competent and, consequently, it constitutes an excellent molecular marker to evaluate homologous recombination and DNA DSB repair in vivo. Here we use Rad52-GFP to demonstrate that formation of Rad52 foci is a universal trait of Rad52-dependent recombination and DNA repair processes. Importantly, we find that each Rad52 aggregate is capable of processing multiple DNA lesions. Furthermore, these putative DNA repair and recombination centers are coupled to S phase, thus providing a strong link between homologous recombination and DNA replication.
Materials and Methods
Yeast Strains and Media. Yeast strains used in these studies are shown in Table 1 . Yeast extract-peptone-dextrose (YPD) medium, synthetic complete (SC) medium, synthetic complete without leucine (SC-Leu), and 5Ј-fluoroorotic acid (5-FOA) were prepared as described (27) . Yeast extract-peptone-acetate (YEPA): 10 g͞l yeast extract, 20 g͞l peptone, and 20 g͞l potassium acetate. Sporulation (SPO) medium: 2.5 g͞l yeast extract and 15 g͞l potassium acetate supplemented with 62 mg͞l leucine and 20.6 mg͞l of adenine, histidine, tryptophan, and uracil, respectively.
Construction of the RAD52-GFP Fusion Gene. A red-shifted enhanced version (10C) of the GFP gene (28) was a generous gift from R. Tsien (University of California, San Diego, La Jolla, CA). This version of GFP was fused by PCR to either the 5Ј-or 3Ј-twothirds of the Kluyveromyces lactis URA3 gene, using adaptamer technology (29, 30) . Next, the resulting fragments were ligated into the SacII site of pRS423 (31) to produce plasmids pWJ1164 and pWJ1165. By using the principle in our previously described allele replacement method (32), these plasmids serve as basic tools to target GFP specifically to any site in the genome. In brief, two GFP-URA3 PCR products were amplified from pWJ1164 and pWJ1165 by using appropriate primers (GFPstart-F: 5Ј-ATGAGTAAAGGAGAAGAAC-3Ј, URA3int-R: 5Ј-GAG-CAATGAACCCAATAACGAAATC-3Ј and GFPend-R: 5Ј-T T TGTATAGT TCATCCATGC-3Ј, UR A3int-F: 5Ј-CTTGACGTTCGTTCGACTGATGAGC-3Ј, respectively; Fig.  1A ). Next, two pairs of PCR primers were designed to amplify Ϸ400 base pairs upstream (UF: 5Ј-CCTTTGTTACAGCTA-AGGC-3Ј, URtag1: 5Ј-gttcttctcctttactcatCCCAGTAG-GCTTGCGTGCATG-3Ј) and downstream (DFtag2: 5Ј-ggatgaactatacaaataaCCCGCTTCCTGGCCGAAAC-3Ј, DR: 5Ј-AATGAACCTAAGGATTCCGC-3Ј) of the GFP insertion site at the 3Ј end of RAD52 by using genomic DNA (or plasmid DNA) as a template (Fig. 1 A) . The upstream and downstream fragments each contain an additional 19 base pairs of DNA sequence (tag1 and tag2 shown in small letters) complementary to parts of the two GFP-URA3 PCR products amplified from pWJ1164 and pWJ1165. The reverse and complementing sequences at the ends (the tags) facilitate the fusion of the two pairs of PCR products to generate the two fragments shown in Fig. 1B . After cotransformation of these two PCR products into W2109-14C, in vivo homologous recombination generates a GFP direct repeat flanking an intact K. lactis URA3 gene downstream of RAD52 (Fig. 1C) . Loss of the URA3 gene resulting from direct repeat recombination is selected on 5-FOA medium to generate a ''clean'' genomic RAD52-GFP fusion. Western blot analysis of Rad52 was performed essentially as described (16) except that the Rad52 antibody was affinity purified according to standard procedures by employing a Rad52-Sepharose 4B resin.
Microscopy. Unless otherwise noted, all experiments were performed at 23°C to allow the GFP chromophore to form efficiently (32) . Before epifluorescence microscopy, cells were washed twice in either SC (mitotic experiments) or SPO (meiotic experiments) medium. Next, cells were immobilized on a glass slide by mixing them with a 37°C solution of 1.2% (wt͞vol) low melting agarose (NuSieve 3:1 from FMC) containing the appropriate medium. To prevent evaporation, the cover glass was sealed with a mixture of equal volumes of molten bees' wax, petroleum jelly (VWR Scientific), and lanolin (Sigma). The filters used to visualize Rad52-GFP (excitation 480 nm; emission 535 nm) and 4Ј,6-diamidino-2-phenylindole (DAPI; excitation 365 nm, emission 450 nm) were from Omega Optical (Brattleboro, VT). Images were acquired by using a cooled CCD camera (Star-1 from Photometrics, Tucson, AZ) mounted on a Zeiss Axioplan II microscope with a Plan-Apochromat 100ϫ, 1.4 numerical aperture (NA) objective lens. The illumination source was a 100-W mercury arc lamp. Images were obtained at 0.2-m intervals along the z axis by using a piezo-controlled stepper and Rad52-GFP foci were counted by inspecting all of the focal planes intersecting each cell. Integration time for acquisition of the fluorescent images was 200 ms. Images were acquired in the IP LAB software (Scanalytics, Billerica, MA) and prepared for publication in SCION V1.62 (National Institutes of Health) and ADOBE PHOTOSHOP (Adobe Systems, Mountain View, CA).
DNA in living cells was stained for visualization by adding 10 g͞ml DAPI to the culture 30 min before imaging. Selected strains were made rho 0 (mitochondrial DNA negative) before staining to eliminate any signal from mitochondrial DNA (27) . Localization of Rad52-GFP was not affected by the absence of mitochondria nor by DAPI staining (data not shown).
␥-Irradiation. The ␥-ray sensitivities of strains were determined by growing cultures in YPD to mid-log phase at 23°C. An appropriate number of cells were plated on YPD plates and exposed to different doses of ␥-rays by using a Gammacell-220 60 Co irradiator (Atomic Energy, Ottawa). Cells analyzed by microscopy were pregrown in YPD at 23°C until OD 600 reached 0.2. At this point, the liquid cultures were exposed to defined doses of irradiation and aliquots of the cultures were processed immediately for imaging.
To estimate the number of rad52-repairable lesions induced by ␥-irradiation, we made the following two assumptions: (i) ␥-rayinduced DNA damage occurs randomly in a population of cells and (ii) one rad52-repairable lesion is sufficient to kill a cell (33) . The number (n) of ␥-ray-induced DNA lesions per cell that are lethal in the absence of RAD52 can be described by a Poisson distribution [P n (x) ϭ e Ϫ n ͞n!, Ϫ ϭ kx, n ϭ 0, 1, 2, . . . , where x is the ␥-ray dose and the mean number of lethal lesions per cell at that dose]. Accordingly, the probability of a cell surviving a given ␥-ray dose (x) is P 0 (x) ϭ e kx 0 ͞0! ϭ e kx f ln(P 0 (x)) ϭ kx. By fitting the ␥-ray survival curve of rad52⌬ strains (Fig. 2B ) to this equation, k is estimated to be Ϫ0.5. Thus, the ␥-ray dose required to generate an average of one rad52-repairable lesion per cell ( ϭ 1) is Ϫ͞k ϭ Ϫ1͞Ϫ0.5 ϭ 2 krad.
Induction of DSBs by the HO Endonuclease. Strains containing no, one, or two accessible HO-cut sites were transformed with pJH132 (kindly provided by Jim Haber, Brandeis University, Waltham, MA) containing a galactose-inducible HO gene and a TRP1 selectable marker (34) . Transformants were grown at 23°C in SC-Trp (W2334-1D and W2322-5B) or SC-Trp-Ura (W2613-22A and W2322-8A) medium containing 2% raffinose. At Table 1 . Yeast strains used in this study
MATa LYS2 trp1-1 leu2-3,112 RAD52-GFP *All strains in this study are derivatives of W303-1A and W303-1B (67) . In addition to the genotype listed above, all strains are RAD5 can1-100 ura3-1 his3-11,15 ADE2.
OD 600 Ϸ 0.2, HO was induced by addition of galactose to a final concentration of 2% and incubation continued for 1 h before processing of cells for microscopy. The efficiency of mating-type switching was calculated as 1 Ϫ Na after ͞(Na after ϩ N␣ after Ϫ (N␣ before ⅐ (Na after ϩ N␣ after )͞(Na before ϩ N␣ before ))), where N is the number of cells with the indicated mating-type before and after 1.5 h of HO induction, respectively.
Determination of Mitotic Recombination Rates, Sporulation Efficiency, and Meiotic Recombination Frequencies.
Mitotic recombination rates were determined as described (35) , except that the cells were grown at 23°C. For each strain, nine independent trials were performed. Strains analyzed for meiotic events were also grown at 23°C. Three to five trials were performed for each strain. Cells were grown in YPD overnight, diluted 100-fold into yeast extract-peptone-acetate (YEPA), and incubated until the cell density reached 2 ϫ 10 7 cells͞ml. The cells were washed, transferred into 2 ml SPO medium, and incubated for 2 days. At this point, the cultures were sonicated by using a Sonicator W-385 (Heat Systems͞Ultrasonics) and appropriate dilutions plated on SC and SC-Leu plates to measure the meiotic recombination frequencies. Simultaneously, the fraction of sporulated cells was determined by counting the number of four-spored tetrads in each sample. Spore viability was measured by dissection of 88 tetrads for each strain. The segregation pattern of three marker pairs (MATa͞MAT␣, LYS2͞lys2⌬, and TRP1͞ trp1-1) was determined for each tetrad, and only tetrads where all marker pairs segregated 2:2 were included in the analysis. Although the expression of RAD52 in mitosis is constitutive, it is induced 5-fold during meiosis (38) and may be responsive to other yet unidentified modes of regulation. To ensure an expression pattern of the fusion protein similar to that of wild-type Rad52, GFP was integrated and expressed as an extension of the 3Ј end of the endogenous RAD52 gene. This was achieved by a PCR-based gene targeting technique that allows integration of GFP at any site in the genome without cloning. The method is based on the principle developed by Erdeniz and colleagues and takes advantage of the fact that PCR fragments can be fused if they have adaptamers at their ends (see Fig. 1B ; ref. 30) . Western blot analysis confirmed that the level of Rad52-GFP is equal to that of Rad52 in wild-type mitotic cells (Fig. 2 A) . Importantly, Rad52-GFP is biologically functional as it successfully replaces the wild-type protein for ␥-ray-induced DNA damage repair, mating-type switching, both mitotic and meiotic recombination, and sporulation ( Fig. 2B and Table 2 ). Rad52-GFP Forms Nuclear DNA Repair Foci During S Phase. Rad52-GFP was visualized in unsynchronized mitotic haploid cells by epifluorescence microscopy. Based on cellular morphology, cells were grouped into G 1 phase (unbudded), S (small-budded), and G 2 ͞M (large-budded) (39) . Simultaneous staining of the DNA with DAPI shows that in most cells Rad52-GFP displays a diffuse nuclear localization throughout the mitotic cell cycle (Fig. 3A) . Interestingly, Rad52-GFP relocalizes and forms foci in 22% of S phase cells suggesting a specific role of Rad52 during DNA replication ( Fig. 3A and Table 3 ). We previously provided (40) a strong link between replication and recombination by showing that Holliday junction intermediates are formed in rDNA specifically during S phase. The amount of these structures dramatically increases in a temperature-sensitive pol12-100 strain that encodes a mutated subunit of the polymerase ␣ complex. Because formation of these recombination intermediates depends on RAD52 (40), we examined whether the high level of Holliday junction formation in pol12-100 strains affects Rad52-GFP distribution. Indeed, even at the permissive temperature we found a striking increase in the frequency of Rad52-GFP foci in S phase (Table 3) . Furthermore, transfer to the nonpermissive temperature results in accumulation of cells in G 2 ͞M that contain Rad52-GFP foci. Thus, replication defects caused by an impaired polymerase ␣ complex trigger Rad52-GFP focus formation.
Results

Rad52-GFP Fusion
To investigate the possibility that Rad52-GFP foci represent sites of DNA damage repair, we determined their formation during RAD52-dependent DNA repair and recombination processes. First, DNA damage was induced in the RAD52-GFP strains by exposing them to 20 krad of ␥-irradiation. A dramatic increase in the proportion of cells containing Rad52 foci was observed, suggesting that formation of these aggregates correlates with recombinational repair (Fig. 3B) . Surprisingly, cells on average contain only one Rad52-GFP focus despite the fact that a dose of 20 krad generates Ϸ10 DNA lesions per cell that require Rad52-dependent repair in order for the cell to survive (see Materials and Methods). This observation suggests that one focus may represent the repair of multiple lesions. To investigate this possibility, the ␥-ray dose dependence of focus formation was analyzed in a dose range (2.5-160 krad) expected to generate 1.25-80 lesions per cell. If each focus represents repair of a single DNA lesion, then the number of foci is expected to increase proportionally to the ␥-ray dose. First, we noticed that the process of focus formation is more easily triggered in S phase and G 2 ͞M (Fig. 3C) . Thus, after a dose that produces 1.25 lesions per cell (2.5 krad), more than 50% of the cells that are either in S phase or in G 2 ͞M form at least one Rad52-GFP focus. In contrast, cells in G 1 require a 16-fold higher dose (40 krad) to reach this level. Among the cells in S or G 2 ͞M phase that contain at least one focus, we found that a 64-fold increase in the ␥-ray dose (160 krad or 80 lesions per cell) results in only a 2-fold increase in the average number of Rad52-GFP foci per cell (Fig.  3D) . Furthermore, cells in G 1 rarely display more than one focus irrespective of ␥-ray dose. Thus, the number of Rad52-GFP foci and ␥-ray dose are not directly proportional, indicating that each focus likely represents the repair of multiple DNA lesions.
The biased distribution of Rad52-GFP foci in the cell cycle may reflect that haploid cells in G 1 lack a homologous chromosome that can be used as a template for recombinational repair. To evaluate this possibility, induction of Rad52 foci by ␥-irradiation was studied in diploid RAD52-GFP͞RAD52-GFP cells, where the homologous chromosome can provide a DNA substrate for recombinational repair throughout the entire cell cycle. Accordingly, the number of Rad52 foci formed in diploid cells after exposure to doses of ␥-irradiation ranging from 1.25 to (Fig. 3E ). This observation demonstrates that DNA DSBs induced in the presence of a homologous DNA substrate alone is not sufficient to elicit Rad52 focus formation. Indeed, the cell also needs to be in the proper phase of the cell cycle to form this structure.
Numerous Rad52 Foci Are Formed During Meiotic Recombination.
Because ␥-irradiation produces a variety of lesions (41) that are likely to have different repair requirements, we tested Rad52-GFP focus formation specifically during DNA DSB repair. Multiple DSBs are generated by Spo11 during the onset of meiotic recombination at early prophase of meiosis I (42, 43) . Efficient repair of these breaks requires Rad52 (44) . After shifting RAD52-GFP͞RAD52-GFP diploid strains to SPO medium, we found that Rad52-GFP relocalizes to form Ϸ15 foci per nucleus (Fig. 4A) . The number of meiotic Rad52-GFP foci observed in vivo is similar to that seen after immunostaining of Rad52 in nuclear spreads (45) . We next examined meiotically induced spo11͞spo11 mutants, which are blocked for DSB formation (46) . In contrast to SPO11͞SPO11 diploids, multiple Rad52-GFP foci were not observed and the occasional single focus observed in these mutants is likely due to repair of DNA damage that arose during premeiotic S phase (data not shown).
Rad52 Foci Form After Induction of Specific DSBs by the HO Endonu-
clease. Well defined DSBs were also induced by the HO endonuclease (47) in a RAD52-GFP strain. Two different HO-cut sites were investigated. One is the HO-cut site that exists naturally at the mating-type locus (MAT-HO). When this site is cleaved by the HO endonuclease, the resulting DSB is repaired by gene conversion (48) . The other HO-cut site is situated in a LEU2 direct repeat at the LEU2 locus (leu2-HO). In this case, the HO endonuclease induces a DSB that is repaired by single-strand annealing (35) . Strains were constructed that contain no accessible HO-cut sites, a single HO-cut site (either MAT-HO or leu2-HO), or two HO-cut sites (both MAT-HO and leu2-HO). After induction of the HO endonuclease in strains that contained one HO-cut site at either MAT or leu2, Rad52 foci were observed in 50-60% of S phase cells and 20-30% of G 2 ͞M phase cells (Fig. 5A) . In contrast, foci are formed in only 15% of S and 10% of G 2 ͞M cells in the strain that contains no accessible HO-cut site. Similar to what was observed after ␥-irradiation (Fig. 3C ), very few G 1 cells form foci upon HO induction. Thus, HOinduced breaks, like ␥-ray-induced DNA damage, preferentially generate Rad52 foci in S phase. Interestingly, when the strains containing two HO-cut sites were analyzed, the average number of foci observed per cell did not double when compared with strains that contain only one HO-cut site (Fig. 5B) . Hence, the number of Rad52-GFP foci formed in vivo is largely independent of the number of DNA DSBs, regardless of whether they are induced by ␥-irradiation or by HO. This result suggests that one focus may represent the repair of multiple DNA lesions within a limited number of centers in the nucleus.
Absence of the MEC1 DNA Damage Checkpoint Gene Results in
Increased Rad52 Focus Formation. It is well known that DNA lesions such as single-strand nicks, abasic sites, and photolesions trigger cell-cycle checkpoints (49) . Because a synthetic lethal interaction between a rad52 mutation and mutations of MEC1, a central DNA damage checkpoint gene (50) , has been observed (51), we monitored the formation of Rad52-GFP foci in a mec1 mutant strain. The frequency of Rad52-GFP foci increases from 22% and 1% in wild-type S and G 2 ͞M phase cells, respectively, to 52% and 54% in the corresponding mec1 cells (Table 3 ). This observation shows that Rad52 focus formation does not depend on Mec1. In addition, the ability of Rad52-GFP to form foci after ␥-irradiation is also intact in mec1 mutant cells (data not shown). Finally, the observation of an increase in spontaneous focus formation in the absence of Mec1 suggests that more lesions requiring Rad52-dependent repair are generated throughout the S and G 2 phases in mec1 mutant strains.
Discussion
We have tagged RAD52 with GFP by using a PCR-based cloning-free gene targeting method and showed that the resulting Rad52-GFP is biologically functional and localizes exclusively to the nucleus. In most cells, Rad52-GFP is evenly distributed throughout the nucleus, but occasionally it relocalizes spontaneously and forms bright foci. In this study, we demonstrate that DNA DSBs induced by ␥-irradiation, by the HO endonuclease, or by Spo11 during meiosis all result in a dramatic stimulation of Rad52-GFP focus formation. Moreover, DNA damage produced by defective DNA replication in pol12-100 strains also results in an increased frequency of Rad52-GFP focus formation. Notably, the pol12-100 mutation causes accumulation of Holliday junction intermediates as part of a Rad52-dependent recombinational repair process (40) . These experiments provide compelling evidence that Rad52-GFP foci represent sites of active DNA repair in vivo. In addition, we show that repair of HO endonuclease-induced breaks that proceeds via different pathways (gene conversion and single-strand annealing) causes Rad52-GFP focus formation. It is therefore likely that Rad52 aggregation is a common denominator of Rad52 activity during DNA repair and recombination. The importance of this feature is highlighted by its conservation from yeast to mammals (52, 53) , where DNA damage also induces formation of GFP-Rad52 foci. The functionality of GFP-Rad52 foci in mammalian cells is strengthened by immunostaining experiments that showed partial colocalization of mammalian GFP-Rad52 foci with Rad51 and Rad50 foci. This result supports the notion of a central role of Rad52 in recombinational DNA repair in higher eukaryotes, despite the weak phenotype observed in its absence. Interestingly, mammalian Rad52 is excluded from nucleoli during late G 1 , but distributes evenly in the nucleus during S phase and in G 0 . In contrast, yeast Rad52 seems to colocalize evenly with the DNA throughout the entire mitotic cell cycle. This difference suggests a more specialized role of RAD52 in mammalian cells where different homologues or isoforms of the gene could have distinct functions (54) . Quantitative analysis of Rad52 foci formed after induction of DSBs by the HO endonuclease and by ␥-irradiation demonstrates that a single DNA lesion can be visualized by using Rad52-GFP as a molecular marker. It has been shown (17, 18) that Rad52 heptamers bind preferentially to DNA ends. However, it is unlikely that a single Rad52-GFP heptamer emits sufficient light to be visualized and we therefore propose that accumulation of several Rad52 heptamers at a DNA lesion is required to efficiently complete the repair process in vivo. This view is supported by the fact that Rad52 also aggregates on DNA in vitro (26, 55, 56) . Perhaps binding of a Rad52 heptamer to a DNA end may represent an early stage in the construction of a larger Rad52 complex and that DNA ends simply act as a nucleation site for Rad52.
The aggregation of Rad52 at a single lesion is intriguing. It was shown (16) that Rad52 stimulates DNA annealing. This activity may contribute to recombination in several different ways. Firstly, annealing may facilitate the search for homology. Secondly, after the invasion by one 3Ј tail during DNA DSB repair, annealing is required for the resulting D-loop to establish contact with the other 3Ј single-stranded tail. Thirdly, annealing is important in the major pathway for direct repeat recombination: single-strand annealing. Because the rate of annealing depends on the number of bases actively available for this process, the collaboration of a large number of Rad52 heptamers in annealing could expose more bases to allow single-stranded regions to pair.
Furthermore, we were surprised to find that only a limited number of Rad52 foci develop even after the introduction of multiple lesions. Most strikingly, a ␥-ray dose expected to create 80 lesions only induces formation of two foci per cell, on average (Fig. 3D) . The discrepancy between the number of induced lesions and the number of observed Rad52 foci could indicate that the optical sensitivity of the assay only allows detection of a limited number of Rad52 catalyzed repair reactions. However, we consider this possibility unlikely as Rad52 foci are easily detected in Ͼ50% of S phase cells that contain a single DSB (Figs. 3C and 5A) . Instead, we envision that each Rad52 focus represents a center of recombinational repair that is capable of processing multiple DNA lesions. Perhaps the aggregation of Rad52 heptamers (and probably other repair proteins) acts to attract other lesions for repair within one focus. A major challenge will be to understand the advantage of concentrating the recombination machinery in one or a few locations.
The fact that spontaneous Rad52-GFP foci are most frequently observed in S phase cells and only rarely in G 1 cells implies a coupling between recombinational repair and DNA replication (Fig. 3C) . Likewise, ␥-ray stimulation of Rad52-GFP focus formation in S cells requires much lower doses than in G 1 cells. Furthermore, elimination of the MEC1 DNA damage checkpoint, which operates in all phases of the cell cycle, does not increase the number of G 1 cells that contain Rad52-GFP foci. We also showed that lesions produced during defective DNA replication in pol12-100 strains result in a dramatic increase in the number of Rad52-GFP foci. Several other studies have provided evidence for a link between replication and recombination (see other papers in this colloquium). In particular, many of the proteins involved in homologous recombination are also involved in replication (e.g., RP-A, Pol␦, Pol, Pol␣, Rad27, and DNA primase; refs. 20 and 57-59). Furthermore, this study and others (40, (60) (61) (62) (63) have demonstrated that the replication process itself can produce DNA lesions that require recombinational repair. In fact, DNA repair centers in S phase cells may be directly linked to replication foci, where many adjacent origins are organized into a few replication centers (64) . The coupling of recombinational DNA repair to S phase may be advantageous to the cell. For example, DNA DSB repair may be delayed until S phase, where breaks are detected automatically during the replication process and trigger checkpoints that allow them to be repaired before proceeding into G 2 ͞M (49, 65). In addition, the coordination of these two processes is logical, because replication per se is likely the major source of lesions that require recombinational repair.
In meiotic cells, homologous recombination is initiated by the formation of numerous Spo11-induced DNA DSBs in early prophase. It has been estimated that approximately 200 recombination events occur per meiotic cell (66) . We have shown that, in meiosis, numerous Rad52-GFP foci are formed. Development of these foci depends on the presence of Spo11. However, the number (Ϸ15) of foci observed (Fig. 4A) does not reflect the number of recombination events, suggesting that recombinational repair centers also exist in meiotic cells. It is tempting to speculate that one recombination center is formed for each pair of homologous chromosomes. Such a scheme might enhance synapsis formation and at the same time lower the frequency of interchromosomal ectopic recombination.
The experimental strategy presented in this paper provides a powerful tool for elucidating the coordination of DNA repair, recombination, and replication in vivo. In the future, it shall be interesting to investigate how proteins that are involved in these important processes localize, both temporally and spatially, with respect to Rad52 foci.
